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Abstract
The Elwha River is the site of the largest dam removal project in the world to date
and serves as a case study for the ecological effects of large dam removal. The 2012-2014
removal of two dams on the Elwha River exposed a cumulative 2.76 km2 of previouslyinundated surfaces. Environmental conditions including sediment texture and nutrients,
slope-aspect, dispersal distance from the river and mature forest, disturbance, and
elevation vary widely across the reservoir surfaces, causing significant variation in the
plant community.
The first objective of my study is to continue a long-term study of the passively
restored vegetation community to see how vegetation has changed since dam removal,
and to determine which environmental factors were associated with the recovery of a
self-sustaining native plant community. I hypothesized that surfaces with higher
proportions of fine sediments and organic matter would have the most successful native
plant community. My second objective is to integrate this long-term study with one
managed by the National Park Service. The National Park Service study includes actively
restored areas in the reservoirs, and data collection in both studies was concurrent, but
used different methods. Here, I hypothesized that actively restored areas would have the
greatest native species richness.
The vegetation communities colonizing the reservoirs varied significantly among
the two reservoirs and among landforms within the reservoirs in 2012-2013 surveys, a
trend that continued for the most part in 2016. The proportion of fine particles (silt and
clay) in the soil and the amount of organic matter present in the soil significantly affected
the vegetation community. Vegetation cover has increased on valley wall and terrace
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landforms, even as overall species richness has decreased in those areas. Active
restoration that was implemented in parts of the reservoirs by the National Park Service
took the form of planting or seeding native propagules. While these actions had no
significant effect on total vegetation cover or native species richness, the actively restored
areas did have a different overall species composition than passively restored areas.
Vegetation in the Elwha River reservoirs appears to be successfully colonizing many
newly exposed surfaces without anthropogenic assistance, but it is dependent on many
environmental variables and warrants continued monitoring.
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Preface
Riparian zones, the areas along rivers and streams that are periodically inundated
by flowing water, provide critical ecosystem services including freshwater supplies and
wildlife habitat (Postel and Richter 2003). However, in the United States over two-thirds
of all riparian zones have been lost due to conversion to agriculture and other human uses
(Swift 1984). Rivers have historically been managed for agriculture, flood control, and
hydropower rather than sustainable habitats and biodiversity (Dahl and Allord 1996).
Given that climate change will likely increase disturbances such as wildfires, extreme
floods, and droughts (Roman and Gafta 2013), preserving and restoring riparian
ecosystems and the ecological functions they provide will be critical for sustaining
human societies and biological diversity (Foley et al 2005, Chapin et al 2000). Despite
the abundance of ecosystem services provided by intact river systems, over 80% of
northern hemisphere rivers are altered by dams, and most major rivers in the northern
hemisphere contain multiple dams (Dynesius and Nilsson 1994, Harrison-Atlas et al
2017).
Most dams in the Western United States were installed in the 1950s and 60s, so
the long-term effects of dams were only recently measurable (Hart and Poff 2002). At the
same time, 65% of North American dams are at or within two years of the end of their
intended lifespan (Harrison-Atlas et al 2017). For about 1,800 of these dams, failure is
likely to cause loss of human life (FEMA 2012). Considering that there are over 90,000
dams in the United States (National Inventory of Dams 2016), it is clear that the number
of dams that need to be repaired or replaced will overwhelm available resources, and that
some of these dams will be removed. The timing of this infrastructure event coincides
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with developments in wind and solar technology that may make these a viable
replacement for hydropower (Speight 2017). While dams are generally hailed as a
renewable energy source, they nevertheless have wide-reaching ecological impacts.
Dams affect flow regimes and the movement of sediment which alters
downstream flood patterns, seed dispersal, and riparian geomorphology. Dams also
replace the upstream river, riparian zone, and sometimes uplands with lotic habitats.
Widened river channels and other disturbances to riparian vegetation cause higher water
temperatures, and more water is lost to evaporation from reservoirs than an undammed
river (Mekonnen and Hoekstra 2012). Reduced sediment load can cause downcutting of
the river channel, lowering the water table and further reducing the area suitable for
riparian vegetation (Bennett et al 2016), as well as creating unsuitable conditions for
downstream invertebrates, algae, vegetation, and bacteria, which are often highly adapted
to the sediment and organic matter that flows downstream in an undammed river
(Swanson et al 1998). Due to the magnitude of these effects, dam removal is increasingly
being proposed as a method to restore rivers and riparian areas.
Restoring rivers and riparian habitats to historic conditions may be accomplished
by large dam removal, but there has been little research on the subject due to the rarity of
both large dam removal and long-term monitoring (Palmer et al 2005, Hart and Poff
2002). The largest dam removal project in the world to date took place on the Elwha
River, Washington between 2012 and 2014. Two hydropower dams were constructed on
the Elwha near the beginning of the 20th century, putting them well past the end of their
intended removal date in 1992 when the Elwha River Ecosystem and Fisheries
Restoration Act was passed, beginning the multi-decade process of dam removal. 83% of
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the Elwha River watershed, including Glines Canyon Dam and Lake Mills, is within
Olympic National Park. This location reduces local anthropogenic influence compared to
many other large dams (Duda et al 2008, Michel et al 2011). The relatively undisturbed
location of the Elwha makes it an especially interesting case study for ecosystem
response to disturbance.
Monitoring occurred in 2013 and 2014, the first two years after dam removal.
Jarrett Schuster (2015), a member of the Eastern Washington University Plant Ecology
Lab (EWU) surveyed the vegetation of the drained Elwha River reservoirs using the same
methods as surveys conducted in downstream and upstream river reaches, and found
significant variation in the plant community and abiotic conditions. Aldwell Reservoir
(downstream) had higher species richness and cover than Mills Reservoir in 2013 but not
2014. Higher percentages of fine sediment (silt and clay) and organic matter in the soil
positively influenced native species richness in 2014. These surveys represent one year of
changes in the plant community, but early changes in the plant community may or may
not be strongly correlated with long-term trends (Zedler 2000, Cole 1999). In addition to
Schuster’s study, surveys of reservoir vegetation were completed by the National Park
Service (NPS) in parts of the reservoirs that had been actively restored through planting
or seeding native propagules to suppress non-native species. The plot sizes used by
Schuster and the NPS are different, and so it is not clear if the results are comparable.
My overarching goals in conducting this study were twofold: to determine how
the vegetation community has changed since Schuster’s surveys (Schuster 2015), and to
create a baseline for combining NPS survey locations with those established by EWU. In
the first chapter, I address changes in the passively restored vegetation community five
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years after dam removal using the same methods as Schuster (2015). In the second
chapter, I integrated my surveys with monitoring performed by the NPS.

xii

Chapter 1 : Plant Succession in Elwha River reservoirs five years after dam
removal
Introduction
River channels are dynamic, and shifting channels interact with riparian
vegetation to create and reinforce a mosaic of habitats at different successional stages
(Corenblit et al. 2007, Tabacchi et al. 2000, Mackay and Band 1997, Stoffel and Wilford
2012). In Pacific Northwest forest succession, plant community diversity often increases
rapidly, followed by a decline due to competition and finally a gradual increase as the
community approaches late succession (Franklin and Johnson 2012). The natural
disturbance regime of rivers also creates opportunities for invasion (Planty-Tabacchi et al
1996, Auble et al 2007). This can lead to an alternative stable state in which nonnative
species dominate the system and prevent the normal interaction of riparian vegetation and
the river channel (Kulmatiski 2006, Suding 2004). Predicting which systems are likely to
remain in a heavily-invaded alternative state is necessary due to the increased magnitude
of future disturbances under climate change (Roman and Gafta 2013, Del Moral and
Wood 1993). While the biota of riparian areas is adapted to flooding, many forms of
anthropogenic disturbance disrupt this cycle, negatively affecting riparian ecosystems.
By disrupting the flow regime of rivers, dams have a range of negative effects on
biota (Swanson et al 1998). Blocking hydrochory (seed dispersal by water) can lower the
diversity of downstream vegetation (Schook et al. 2016, Lucas et al. 2016) and the loss of
upstream sediments and organic matter can reduce available habitat for aquatic
invertebrates, algae and bryophytes, all of which are highly adapted to a river’s flow
regime (Swanson et al 1998). Because most large dams were constructed over a relatively

short period in history, their long-term effects are only recently measureable, and may
become worse over time (Hart 2002). Long-lived species recruited pre-dam installation
can create the appearance of a healthy ecosystem, but due to changed river conditions
that discourage recruitment, these species may disappear from the system as older
individuals die out (Amlin and Rood 2002).
As the ecological impacts of dams becomes better understood, interest in dam
removal as a restoration technique is growing. Of the roughly 1,400 dams removed in the
United States - a small number compared to the over 90,000 large dams tracked by the
U.S. Army Corps of Engineers - the median height is only 3 meters (National Inventory
of Dams 2016). Only 11% of removed dams exceeded 9.1 meters in height (American
Rivers 2017). After dam removal, restoration is not guaranteed. While the plant
community is quick to colonize exposed reservoirs, nonnative and invasive species often
become dominant (Orr and Stanley 2006). The most hazardous dams, and those with the
greatest potential effects on an ecosystem, are large dams. The effect of large dam
removal is unlikely to resemble a scaled-up version of small dam removal, so very little
information exists to inform predictions about the environmental impact of large dam
removal (Hart and Poff 2002). Due to the overall age of dam infrastructure in the United
States, the relevance of data on dam removal effects will only become more pressing.
Deliberate restoration of habitats that were previously degraded by human activity
is a relatively new science, and rivers and riparian areas are popular targets due to their
high biodiversity as well as the disproportionate impact of human activity on these
habitats (Jones et al 2018, Fleischner 1994, Naiman et al 1993, Nilsson and Berggren
2000). In passive restoration, the anthropogenic cause of disturbance, such as a dam, is
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removed and natural processes and biotic colonization of that system proceeds without
further interference. Active restoration in rivers employs techniques including channel
engineering, native species planting and invasive species removal to try and speed the
process of ecosystem development (Shields et al 2003, Hilderbrand et al. 2005).
However, quality information on the long-term effects of restoration is scarce, and few
studies have compared the effectiveness of active vs. passive techniques (Jones et al
2018). One review of river restoration and its effects found that only 10% of projects
reported any kind of long-term follow up, and follow-up was mostly restricted to the first
few years after project completion (Bernhardt 2005). The lack of recognized standards
for restoration success also limits the ability of restoration practitioners to identify
effective techniques (Palmer 2005).
The Elwha River is the site of the largest dam removal project in the world to date
and has the potential to serve as a model system for the ecological effects of dam
removal. Two dams were constructed on the Elwha River in the early 20th century and
removed between 2011 and 2014 (Figure 1.1). Draining the reservoirs exposed a
cumulative surface of 2.76km2, and ~68% of the 21 million (± 3 million) cubic meters of
alluvial sediment previously trapped behind the dams remained in place, forming novel
landforms (Childers et al 1994, Mussman 2008, Randle et al. 2015). Composition of
alluvial sediment varied between the reservoirs. Before dam removal, Lake Aldwell
sediment consisted of ~47% fine particles (silt and clay), while fine particles made up
only ~44% of Lake Mills sediment (Randle et al. 2015).
Before dam removal, sediment deposits in Lake Mills (upstream) formed a large
delta that was surveyed by Cara Hulce in 2007 as a possible analog for revegetation after
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dam removal (Hulce 2009). Hulce found that although native species richness declined
over time, native species were more abundant than nonnative species regardless of plot
age, which varied from 1 to 39 years since exposure. Younger surfaces were dominated
by herbaceous species, which gave way to woody species on older surfaces. This may
have been the result of surface age, but younger surfaces also had significantly higher
levels of copper, which Hulce predicted may have been the driving environmental factor
for vegetation composition since several common herbaceous species in the delta, which
dominated the plant communities on younger surfaces, are copper-tolerant. Compared to
current landforms, the water table in the delta was quite high, so Hulce predicted slow
drawdown would benefit species recruitment in reservoirs after dam removal. Ultimately,
reservoir draw down was not designed to benefit vegetation development but was instead
phased to limit large sediment pulses at times that would adversely affect anadromous
fish (Randle et al. 2015). Nevertheless, the phasing resulted in a relatively slow
drawdown which may have contributed to the presence of cottonwoods (Populus
trichocarpa ssp. balsamifera) on surfaces at high elevations compared to the river
surface. This would be consistent with findings on the Horsetooth Reservoir, Colorado,
where reservoir drawdown created the conditions for cottonwood germination well
outside of the predicted suitable range (Auble et al. 2007).
In the first two years after dam removal on the Elwha (2013 and 2014), reservoir
revegetation was documented by Schuster (2015), who found higher species richness,
plant cover, and greater woody plant height in Aldwell than Mills Reservoir in 2013,
along with significant differences among landforms. By 2014, increases in species
richness on terraces and the active channel rendered differences among landform other
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than plant height insignificant. Valley walls in both reservoirs had higher species richness
and cover, as well as taller plants. Greater species richness and cover was positively
correlated with higher proportions of finely-textured sediment, greater sediment depth,
and shorter dispersal distances from the established forest. Between 2013 and 2014, the
presence of nonnative species increased in many areas. Based on the changes that
occurred in the plant community over one year, Schuster (2015) predicted that different
plant communities would form on each landform, but highlighted the need for longerterm surveys.
My study objectives were to determine how plant community restoration varies
with landform and other environmental variables in the drained Elwha river reservoirs
five years after dam removal. I hypothesized that variations in sediment texture and
nutrient availability between the reservoirs and landforms will affect diversity and cover
in the plant community as well as species composition. Specifically, I hypothesized that
increases in native species cover would be higher in more fertile, finer sediments, that
species richness of both native and nonnative species would be positively influenced by
fine sediments, and that community composition would be correlated with sediment
texture, litter cover, and organic matter content. I also hypothesized that nonnative
species would continue to be more abundant on surfaces with fine sediment texture and
higher nutrient level, but that they would not have increased in cover or diversity.
Methods
Study location and study design
The Elwha River flows north from the Olympic mountain range in Washington,
USA to the Strait of Juan de Fuca near Port Angeles, Washington. 83% of the Elwha’s
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699 km2 drainage area is within Olympic National Park, so it is relatively isolated from
anthropogenic disturbance (Munn et al 1999). Precipitation throughout the watershed is
variable but the lower reaches receive an average of 142 cm annually. Precipitation is
seasonal and mostly occurs in the winter months. Glines Canyon Dam, upstream, was
located at river km 21.6, with a height of 64 meters and a reservoir length of 4 km. Elwha
Dam was located at river km 7.9 with a height of 32.9 meters and a 4.5 km long reservoir
(Duda et al 2008). While complete removal of both dams took several years, draining of
both reservoirs began in June 2011 and was completed in March 2012 in Lake Aldwell,
and in October 2012 in Lake Mills (East et al. 2015). Approximately 21 million (± 3
million) cubic meters of sediment accumulated in the reservoirs, and only about 23% of
this sediment eroded from Lake Aldwell and 37% from Lake Mills during dam removal
(Randle et al 2015). The remaining sediment makes up much of the current reservoir
surface, forming alluvial terraces which were not historically part of the riparian or
upland surfaces of these reaches of the Elwha (Figure 1.2). Forests in the lower reaches
are dominated by Douglas fir (Pseudotsuga menziesii), western red cedar (Thuja plicata),
and western hemlock (Tsuga heterophylla).
After dam removal in 2012, five transects, perpendicular to river flow and
spanning the width of the reservoir, were established in each reservoir. Plots were located
along the transect, stratified randomly by landform and vegetation patch type, with an
average of seven plots per transect. The landforms were distinguished by major breaks in
topography and include active riparian channel, valley wall, and terrace. A total of 72 100
m2 permanent plots were established in the reservoirs, but 8 of these were lost to erosion
in the channel. Vegetation surveys were completed in 2013, 2014, 2016, and 2017. Only
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the 2013 and 2016 surveys are included in this analysis because they are the most
complete surveys (Figure 1.3). Transects were permanently marked with metal rebar and
plot corners were marked with 6 inch metal spikes. The geographic position of plots and
transect positions were determined using real time kinematic Global Positioning System
(GPS) and total station surveying.
Vegetation survey
In each 100 m2 vegetation plot, all species were identified and assigned modified
Braun-Blanquet cover classes (trace, 0-1%, 1-2%, 2-5%, 5-10%, 10-25%, 25-50%, 5075%, 75-95%, 95-100%), following Peet et al. (2012). Stem counts of all woody species
were recorded along with height of the tallest representative of each woody species. Plant
identification followed Hitchcock and Cronquist (1973), with names updated using ITIS
(http://www.itis.gov). Plants were assigned either native or non-native status based on the
USDA PLANTS National database (USDA, NRCS 2018).
Environmental variables
Soil samples collected in 2016 samples were used to characterize soil conditions
in this analysis. Eight soil samples were collected with a 10 cm tulip bulb planter from
around the edge of each plot. Samples were then dried and sieved with 2 mm mesh.
Larger particles were not used in the analysis. Samples were sent to Brookside Labs in
New Knoxville, Ohio for analyses of soil texture, organic matter content, total exchange
capacity, pH, sulfur, calcium, magnesium, potassium, sodium, nitrate, nitrite, copper,
zinc, aluminum, iron, manganese, and phosphorus. A Wolman pebble count was used to
determine the average grain size (d50) of 100 samples taken at random from within the
plot (Wolman 1954). Local and distant terrain for each plot were characterized using
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terrain shape index and landform index, respectively (McNab 1993). Soil depth was
determined by measuring the depth to refusal with a 119 cm soil probe at all four corners
of each plot, and averaging the measurements. Groundcover of leaf litter, gravel, bare
sediment, bedrock, water, and woody debris were visually estimated at each plot.
Analyses
To determine how native and nonnative species richness and cover varied across
landforms and reservoirs, I used mixed linear models with a restricted maximum
likelihood (REML) method in SAS 9.4. We used Tukey’s HSD to examine the variables
driving significant differences. Degrees of freedom were calculated using the
Satterwaithe approximation (Satterwaithe 1946). Landform and reservoir were modeled
as fixed effects and transect nested in reservoir was modeled as a random effect (SAS
version 9.3, SAS Institute, Inc., Cary, NC; Environmental Systems Research Institute,
Inc., Redlands, CA). To examine factors influencing rates of succession, I used the same
model to determine how change in native and nonnative species richness and cover
between 2013 and 2016 varied across landforms and reservoirs.
To examine patterns in 2016 community composition across the reservoirs, I used
a nonmetric multidimensional scaling (NMDS) ordination and indicator species analysis.
The NMDS used Kulczynski distance measures after normalizing data with a Wisconsin
double standardization and removing all species appearing in less than 5% of plots. To
determine how community composition varied across reservoirs and landforms, I used a
PERMANOVA with type III sum of squares, with landform and reservoir as fixed effects
and transect nested within reservoir as a random effect (PRIMER v7). I conducted a
randomized indicator species analysis with reservoir and landform combinations as
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grouping variables and 1000 runs, using the indicspecies package for R (De Caceres and
Legendre 2009), and calculated dominant species as the species with the highest cover on
each landform in Aldwell Reservoir and Mills Reservoir.
To examine how environmental factors varied across reservoirs, landforms, and
years, I used two-way factorial ANOVAs (R version 3.2.3). Environmental variables
were related to species composition using the Vegan package for R (version 3.2.3) which
compares a linear regression of environmental data to a defined ordination of species
composition.
Results
In 2016, native species richness did not differ between Mills and Aldwell
Reservoirs. In both reservoirs, valley walls had greater native species richness than
terraces and the riparian channel (Figure 1.4; Table 1.1; Table 1.2). Native species
richness increased more from 2013 to 2016 in Mills Reservoir than Aldwell (p=0.0003).
In Aldwell Reservoir, native species richness increased in the riparian channel but
decreased on other landforms (Table 1.2). From 2013 to 2016, percent cover of native
species increased on Aldwell and Mills valley walls (p=0.018 and 0.005, respectively)
and on Mills Reservoir terraces (p=0.049). In both reservoirs, 2016 native species cover
was highest on valley walls (p<0.0001).
Nonnative species richness did not vary across landform or reservoir. However,
nonnative cover was higher on valley walls than on terraces (p=0.04) or the riparian
channel (p=0.01). The rate of change of nonnative species richness was higher in Mills
Reservoir than Aldwell, (p=0.0002; Table 1.6; Table 1.7), where it increased on valley
walls.
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Community composition was affected by reservoir (p=0.002), landform
(p=0.001), and transect (p=0.001; Figure 1.7; Table 1.8), and was different in 2013 than
2016 (p=0.001; table 1.9). In 2016, the top two indicator species in Aldwell Reservoir
were Lapsana communis and Leucanthemum vulgare in the active channel, Agrostis
stolonifera and Trifolium pratense on terraces, and Lotus corniculatis and Juncus effusus
on valley walls. In 2016 in Mills Reservoir, major indicator species were Deschampsia
elongata and Agrostis exarata in the riparian area, Aira caryophylla and Polystichum
munitum on terraces, and Juncus balticus and Tsuga heterophylla on valley walls (Table
1.10).
Top indicator species in Aldwell Reservoir in 2013 included Acer macrophyllum
and Alnus rubra on valley walls, Juncus bufonius and Mimulus lewisii on active channels,
and Hypochaeris radicata and Leucanthemum vulgare on terraces. The top indicator
species in Mills Reservoir were Deschampsia elongata and Epilobium ciliatum on valley
walls, Lupinus rivularis and Rumex acetosa on terraces, and Lupinus rivularis and
Claytonia parviflora on active channels (Schuster 2015).
Dominant species in 2016 are Salix sitchensis on active channels (average 2.8%
of plot in Aldwell Reservoir and 2.02% in Lake Mills), Alnus rubra on valley walls
(average 48.47% of plot in Aldwell Reservoir and 40.06% of plot in Mills Reservoir),
Populus balsamifera ssp. trichocarpa on Aldwell Reservoir terraces (average 18.67% of
plot) and Deschampsia elongata on Mills Reservoir terraces (average 1.01% of plot;
Table 1.10).
Not all environmental factors are significantly correlated with species
composition (Figure 1.7). The most strongly correlated variables are percent silt, percent
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sand, soil depth, and organic matter (Table 1.11). Some environmental factors both varied
across landform and reservoir and are correlated with species composition. Percent clay
is higher on valley walls than terraces (p=0.03) and riparian channels (p=0.005), as is
percent silt (p<0.0001). Terraces have a higher percent of sand than valley walls or the
riparian channel (p<0.0001). Aldwell Reservoir has higher levels of organic matter than
Mills Reservoir (p=0.047), and valley walls have a higher level of OM than terraces
(p=0.0001) or the riparian channel (p=0.0005). Other variables that are both correlated
with species composition and vary across reservoir or landform are nitrate (p=0.02),
aluminum (p<0.001), copper (p=.005), average grain size (d50) (p=0.0002), and
phosphorus (p<0.0001). While dispersal distance (distance from mature forest) is
correlated with species composition, this factor was removed from the analysis because it
is tightly associated with landform.
Discussion
A key finding of this study is that even within the same watershed, plant
community restoration in drained reservoirs is highly variable across different reservoirs
and across landforms within these reservoirs. In general, restoration of a self-sustaining
native plant community seems to be faster on landforms with higher proportions of silt
and clay and where soil fertility, as defined by the level of organic matter and
phosphorus, is greater. Native species have substantially higher cover on valley walls
than on other landforms. On these valley walls, soils are composed of more fine particles
and have higher proportions of organic matter, phosphorus, and calcium (Table 1.12).
While we did not observe an increase in organic matter on this landform between 2013
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and 2016, significant increases are likely to occur in the future due to rapidly increasing
vegetation cover.
In forest succession in the Pacific Northwest, diversity is often highest at early
and late stages of succession, but drops in mid-succession while canopy density
increases, due to the shade intolerance of many early colonizing species (Franklin and
Johnson 2012). In her study of vegetation on the Mills Lake delta, Hulce found that
native species richness was lower on delta surface seven years after exposure than one
year after exposure, but that it subsequently increased (Hulce 2009). On extant valley
walls, the increase in native species cover even as diversity decreases is consistent with
Hulce’s findings and with typical forest succession patterns. There, dense alder stands are
limiting light levels that reach herbaceous species. On Mills Reservoir valley walls,
indicator species now include conifers (Tsuga heterophylla and Pseudotsuga menziesii),
which will likely become dominant in the next thirty or so years, making these
communities similar to the surrounding uplands. In 2016, these were mostly seedlings,
but their presence on the valley walls suggests that succession towards a coniferdominated canopy is occurring without active management.
A key management concern in dam removal is the potential for invasion of
exposed surfaces by nonnative species (Tullos et al. 2016). Persistent dominance of plant
communities by invasive species reduces habitat, decreases ecosystem services, and in
riparian areas can alter erosion patterns and create an avenue for further invasion
downstream (Tockner and Stanford 2002). On the Elwha reservoirs, the number of
nonnative species is declining, but their cover is not. This may indicate that certain
nonnative species are more competitive with the increasingly abundant native species
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than others, or that nonnative species are in competition with each other. It may also be
the result of herbicide treatments that took place in both reservoirs in 2013 (Personal
communication, Washington Conservation Corps management). The presence of some
invasive, shade-tolerant species such as Geranium robertianum warrants further
monitoring, but the population is sparse enough that further management may not be
necessary.
Early observations of the Elwha reservoir plant community may have the most
value when compared to future survey findings. Truly long-term monitoring efforts
provide key information for making predictions about succession in plant communities
(Zedler 2000). The community may reach the point of late succession after 80 years, the
average stand age in the Pacific Northwest at which the physical structure of the forest
changes more than the species composition (Franklin and Johnson 2012). This seems
most likely to occur on valley walls, where the plant community is following a typical
successional pathway for the region. Terraces and the riparian channel will likely take
much longer to reach a mature forest community, if they do so at all. Reference reaches
upstream of the former reservoirs, which include old-growth forest, abandoned fluvial
terraces, and open rocky bars, would be a valuable comparison for those landforms
(Acker et al 2008, Thomas 2018). Based on 2013 and 2014 surveys, Schuster (2015)
predicted that vegetation communities would continue to vary across landform in the
Elwha reservoir beds, a prediction that was upheld by 2016 data.
The driving factors that influence ecosystem restoration after dam removal are
still poorly understood. In one study of reservoirs post-dam removal, nonnative species
were a significant component of the vegetation community, averaging 75% of all
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vegetation across 13 drained reservoirs where revegetation was passive (Orr and Stanley
2006). In these cases, passive restoration was clearly insufficient, but one recent review
found that active restoration was no more effective than passive after reversing
disturbances to a river’s hydrologic regime (Jones et al. 2018). The composition of
surrounding vegetation may be the driving variable after dam removal, as in primary
succession. Proximity to successionally advanced communities can increase the rate of
succession in disturbed areas (Fuller and del Moral 2003). Many dams are situated in
more disturbed areas than the Elwha reservoirs, and thus should at least be closely
monitored after dam removal to prevent them from becoming a source for invasive
propagules downstream.
My results suggest that the surrounding landscape may be fundamental to the
success of passive restoration projects where the goal is to maintain a self-sustaining
native plant community. While nonnative species are not currently dominant anywhere in
the reservoirs, the indicator species analysis for Aldwell Reservoir may indicate that the
plant community there is on a trajectory towards a more invaded state: the top indicator
species were mostly native in 2013, but mostly nonnative in 2016. This may be the result
of lower disturbance and greater presence of potential native species propagules in the
area surrounding Mills Reservoir. If that is the case, Aldwell Reservoir may be more
susceptible to invasion in the future due to differences in the surrounding land use. I
might also expect to see more nonnative species adjacent to trails in Mills Reservoir. To
ensure long-term restoration success, nonnative species in these susceptible sites will
need to be monitored and treated where appropriate.
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Figure 1.1: Map of the Elwha River watershed, dam sites, and location within the
Olympic Peninsula.
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100 m

Figure 1.2: Landforms and vegetation on one transect of Mills Reservoir, from mature
forest edge to river.
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Figure 1.3: 2013 (top) and 2016 (bottom) vegetation on one Mills Reservoir plot.
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Native species richness per 100m2
Figure 1.4: 2013-2016 changes in native species richness per 100m2, across landforms in
Lake Aldwell and Lake Mills. Significant changes are marked with an asterisk.
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Nonnative species richness per 100m2 plot

Figure 1.5: 2013-2016 changes in nonnative species richness per 100m2, across
landforms in Lake Aldwell and Lake Mills. Significant changes are marked with an
asterisk.
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Nonnative species cover per 100m2 plot

Figure 1.6: 2013-2016 changes in nonnative species cover per 100m2, across landforms in
Lake Aldwell and Lake Mills. Significant changes are marked with an asterisk.
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Figure 1.7: Axes one and two (A) and one and three (B) of a three dimensional NMDS ordination
representing community composition in 2016, with plots grouped according to reservoir and landform.
Arrows indicate the direction of environmental vectors that are significantly correlated with community
composition. Note that reservoir varies along axis 2 while landform varies along axes 2 and 3.
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Table 1.1:Mean values for vegetation species richness and cover across reservoir and
landform from 2013 to 2016.
Reservoir

Landform

Aldwell
Aldwell
Aldwell
Mills
Mills
Mills
Reservoir

Active channel
Terrace
Valley Wall
Active channel
Terrace
Valley Wall
Landform

Aldwell
Aldwell
Aldwell
Mills
Mills
Mills

Active channel
Terrace
Valley Wall
Active channel
Terrace
Valley Wall

Native SR 2013

Change in Native SR 2016
native SR

Nonnative Change in Nonnative
SR 2013
nonnative SR 2016
SR
9.25
7.00
18.88
1.25
4.75
8.13
18.94
-5.81
12.56
11.41
-3.56
7.81
27.89
-7.71
22.14
9.56
-5.00
5.86
4.29
8.83
13.83
0.14
4.67
4.83
4.22
8.69
13.13
0.83
4.13
5.00
19.54
-0.42
20.75
4.85
1.83
7.08
Nonnative cover Change in Nonnative cover Native
Change in Native
2013
nonnative 2016
cover 2013 native
cover 2016
cover
cover
0.88
1.38
3.24
17.65
-10.80
14.25
10.36
4.81
14.97
48.36
36.74
82.04
12.31
8.19
22.07
102.22
92.00
184.93
0.07
1.60
1.68
2.70
3.32
6.02
0.28
5.73
6.01
3.56
20.96
23.85
3.13
13.60
16.99
42.22
98.89
145.69

Table 1.2: Native species richness across the three landforms and two reservoirs in 2016.
Comparison: Native SR 2016
Aldwell*Mills
Active channel*Terrace
Active channel*Valley Wall
Terrace*Valley Wall
Aldwell active channel*Aldwell Terrace
Aldwell active channel*Aldwell Valley Wall
Aldwell active channel*Mills active channel
Aldwell active channel*Mills terrace
Aldwell active channel*Mills valley wall
Aldwell terrace*Aldwell valley wall
Aldwell terrace*Mills active channel
Aldwell terrace*Mills terrace
Aldwell terrace*Mills valley wall
Aldwell valley wall*Mills active channel
Aldwell valley wall*Mills terrace
Aldwell valley wall*Mills valley wall
Mills active channel*Mills terrace
Mills active channel*Mills valley wall
Mills terrace*Mills valley wall

Estimate
1.0823
2.1979
-6.4048
-8.6027
3.6875
-5.8929
2.4167
3.125
-4.5
-9.5804
-1.2708
-0.5625
-8.1875
8.3095
9.0179
1.3929
0.7083
-6.9167
-7.625

SE

DF
1.5174
1.9117
2.0827
1.5393
2.9041
3.2562
3.3534
2.9041
2.9994
2.3542
2.4869
1.8367
1.9839
2.8903
2.3542
2.4707
2.4869
2.5975
1.9839

55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55

t ValuePr > |t| Adj P
0.71 0.4787 0.4787
1.15 0.2552 0.4881
-3.1 0.0033
0.009
-5.6 <0.0001 <0.0001
1.27 0.2095 0.7999
-1.8 0.0758 0.4681
0.72 0.4742 0.9786
1.08 0.2866 0.8888
-1.5 0.1393 0.6655
-4.1 0.0002
0.002
-0.5 0.6114 0.9955
-0.3 0.7606 0.9996
-4.1 0.0001 0.0017
2.88 0.0057 0.0605
3.83 0.0003 0.0043
0.56 0.5752
0.993
0.28 0.7769 0.9997
-2.7 0.0101 0.0996
-3.8 0.0003 0.0041
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Table 1.3: Tukey’s test of mixed linear model results comparing rate of change of native
species richness across reservoir and landform between 2013 and 2016.
Comparison: Change in native SR 2013-2016
Aldwell*Mills
Active channel*Terrace
Active channel*Valley Wall
Terrace*Valley Wall
Aldwell active channel*Aldwell Terrace
Aldwell active channel*Aldwell Valley Wall
Aldwell active channel*Mills active channel
Aldwell active channel*Mills terrace
Aldwell active channel*Mills valley wall
Aldwell terrace*Aldwell valley wall
Aldwell terrace*Mills active channel
Aldwell terrace*Mills terrace
Aldwell terrace*Mills valley wall
Aldwell valley wall*Mills active channel
Aldwell valley wall*Mills terrace
Aldwell valley wall*Mills valley wall
Mills active channel*Mills terrace
Mills active channel*Mills valley wall
Mills terrace*Mills valley wall

Estimate

SE

-7.877
6.4792
11.9821
5.503
12.8125
14.7143
-1.8333
-1.6875
7.4167
1.9018
-14.6458
-14.5
-5.3958
-16.5476
-16.4018
-7.2976
0.1458
9.25
9.1042

DF
2.0279
2.5548
2.7833
2.0572
3.8811
4.3516
4.4815
3.8811
4.0084
3.1462
3.3236
2.4546
2.6513
3.8626
3.1462
3.3019
3.3236
3.4713
2.6513

55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55

t ValuePr > |t| Adj P
-3.9 0.0003 0.0003
2.54 0.0141 0.0369
4.31 <0.0001 0.0002
2.68 0.0098 0.0262
3.3 0.0017
0.02
3.38 0.0013
0.016
-0.4 0.6841 0.9984
-0.4 0.6654 0.9979
1.85 0.0696 0.4431
0.6 0.548 0.9903
-4.4 <0.0001 0.0007
-5.9 <0.0001 <0.0001
-2 0.0467 0.3364
-4.3 <0.0001
0.001
-5.2 <0.0001 <0.0001
-2.2 0.0313 0.2499
0.04 0.9652
1
2.66 0.0101 0.0992
3.43 0.0011 0.0138

Table 1.4: Tukey’s test of mixed linear model results comparing nonnative species
richness across reservoir and landform in 2016.
Comparison: nonnative SR 2016
Aldwell*Mills
Active channel*Terrace
Active channel*Valley Wall
Terrace*Valley Wall
Aldwell active channel*Aldwell Terrace
Aldwell active channel*Aldwell Valley Wall
Aldwell active channel*Mills active channel
Aldwell active channel*Mills terrace
Aldwell active channel*Mills valley wall
Aldwell terrace*Aldwell valley wall
Aldwell terrace*Mills active channel
Aldwell terrace*Mills terrace
Aldwell terrace*Mills valley wall
Aldwell valley wall*Mills active channel
Aldwell valley wall*Mills terrace
Aldwell valley wall*Mills valley wall
Mills active channel*Mills terrace
Mills active channel*Mills valley wall
Mills terrace*Mills valley wall

Estimate
1.0246
0.3306
-1.104
-1.4345
0.03015
-0.07694
1.509
2.14
-0.622
-0.1071
1.4788
2.1098
-0.6521
1.5859
2.2169
-0.5451
0.631
-2.131
-2.7619

SE

DF
1.9474
1.23
1.2425
0.9507
1.9626
2.0062
2.7227
2.5294
2.5825
1.4648
2.2704
2.0347
2.1003
2.4183
2.1984
2.2593
1.4833
1.4664
1.2122

8.65
52.5
49.8
51
53.7
51.1
25.7
20.6
21.8
51.3
15.3
10.3
11.5
19.1
13.8
15.1
49.5
47.1
50.5

t ValuePr > |t| Adj P
0.53 0.612
0.612
0.27 0.7892
0.961
-0.9 0.3785
0.65
-1.5 0.1375 0.2953
0.02 0.9878
1
-0 0.9696
1
0.55 0.5842 0.9935
0.85 0.4073 0.9572
-0.2 0.8119 0.9999
-0.1 0.942
1
0.65 0.5245 0.9863
1.04 0.3236 0.9032
-0.3 0.7618 0.9996
0.66 0.5198 0.9859
1.01 0.3306
0.913
-0.2 0.8126 0.9999
0.43 0.6724 0.9981
-1.5 0.1528 0.6948
-2.3 0.027 0.2218
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Table 1.5: Tukey’s test of mixed linear model results comparing nonnative species cover
across reservoir and landform in 2016.
Comparison: nonnative species cover 2016
Aldwell*Mills
Active channel*Terrace
Active channel*Valley Wall
Terrace*Valley Wall
Aldwell active channel*Aldwell Terrace
Aldwell active channel*Aldwell Valley Wall
Aldwell active channel*Mills active channel
Aldwell active channel*Mills terrace
Aldwell active channel*Mills valley wall
Aldwell terrace*Aldwell valley wall
Aldwell terrace*Mills active channel
Aldwell terrace*Mills terrace
Aldwell terrace*Mills valley wall
Aldwell valley wall*Mills active channel
Aldwell valley wall*Mills terrace
Aldwell valley wall*Mills valley wall
Mills active channel*Mills terrace
Mills active channel*Mills valley wall
Mills terrace*Mills valley wall

Estimate
4.5692
-7.0241
-18.6124
-11.5883
-11.8625
-22.0116
-0.9226
-3.1082
-16.1357
-10.1491
10.9399
8.7543
-4.2732
21.089
18.9034
5.8759
-2.1856
-15.2131
-13.0275

SE

DF

6.3342
6.031
6.271
4.7396
9.4422
9.997
11.3097
10.0984
10.4032
7.2786
8.6735
7.0213
7.453
9.681
8.2336
8.6047
7.5056
7.574
6.0726

9.74
54.9
53
54.6
52.8
54.6
37.5
30.2
31.4
54.8
26.4
14.2
16.5
34.8
24.2
26
52.7
48.1
54.1

t ValuePr > |t| Adj P
0.72 0.4876 0.4876
-1.2 0.2492 0.4793
-3 0.0045 0.0123
-2.5 0.0177 0.0462
-1.3 0.2145 0.8068
-2.2 0.0319 0.2541
-0.1 0.9354
1
-0.3 0.7604 0.9996
-1.6 0.1309 0.6335
-1.4 0.1688 0.7301
1.26 0.2182 0.8043
1.25 0.2326 0.8117
-0.6 0.5742 0.9924
2.18 0.0362 0.2649
2.3 0.0306 0.2139
0.68 0.5007 0.9831
-0.3 0.772 0.9997
-2 0.0502 0.3513
-2.2 0.0364 0.2806

Table 1.6: Tukey’s test comparing rate of change in nonnative species cover from 2013
and 2016 across reservoir and landform.
Comparison: change in nonnative cover 2013-2016 Estimate
Standard DF
Aldwell*Mills
-3.0148
6.8769
Active channel*Terrace
-3.2896
6.1599
Active channel*Valley Wall
-10.6246
6.3641
Terrace*Valley Wall
-7.335
4.8235
Aldwell active channel*Aldwell Terrace
-4.8265
9.6854
Aldwell active channel*Aldwell Valley Wall
-9.3786 10.1738
Aldwell active channel*Mills active channel
-3.2087 11.7771
Aldwell active channel*Mills terrace
-4.9614 10.5828
Aldwell active channel*Mills valley wall
-15.0792 10.8896
Aldwell terrace*Aldwell valley wall
-4.5521
7.4129
Aldwell terrace*Mills active channel
1.6178
9.1311
Aldwell terrace*Mills terrace
-0.1349
7.5281
Aldwell terrace*Mills valley wall
-10.2527
7.9537
Aldwell valley wall*Mills active channel
6.1699 10.1113
Aldwell valley wall*Mills terrace
4.4172
8.691
Aldwell valley wall*Mills valley wall
-5.7007
9.0621
Mills active channel*Mills terrace
-1.7527
7.614
Mills active channel*Mills valley wall
-11.8706
7.6485
Mills terrace*Mills valley wall
-10.1178
6.1736

9.93
55
52.6
54.2
54.1
54.2
36.9
29.8
31
54.4
24.9
13.9
16
32.6
22.6
24.5
52.2
48.2
53.6

t ValuePr > |t| Adj P
-0.4 0.6705 0.6705
-0.5 0.5955
0.855
-1.7 0.101 0.2263
-1.5 0.1342 0.2895
-0.5 0.6203
0.996
-0.9 0.3607 0.9392
-0.3 0.7868 0.9998
-0.5 0.6426
0.997
-1.4 0.176 0.7358
-0.6 0.5417 0.9895
0.18 0.8608
1
-0 0.986
1
-1.3 0.2157 0.7896
0.61 0.546 0.9898
0.51 0.6162 0.9956
-0.6 0.5351 0.9883
-0.2 0.8188 0.9999
-1.6 0.1272 0.6329
-1.6 0.1071 0.5772
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Table 1.7: Tukey’s test comparing change in nonnative species richness from 2013 and
2016 across reservoir and landform.
Comparison: Change in nonnative SR 2013-2016 Estimate
SE
Aldwell*Mills
-4.8125
Active channel*Terrace
4.4271
Active channel*Valley Wall
6.2917
Terrace*Valley Wall
1.8646
Aldwell active channel*Aldwell Terrace
8.3125
Aldwell active channel*Aldwell Valley Wall
9.75
Aldwell active channel*Mills active channel
0.08333
Aldwell active channel*Mills terrace
0.625
Aldwell active channel*Mills valley wall
2.9167
Aldwell terrace*Aldwell valley wall
1.4375
Aldwell terrace*Mills active channel
-8.2292
Aldwell terrace*Mills terrace
-7.6875
Aldwell terrace*Mills valley wall
-5.3958
Aldwell valley wall*Mills active channel
-9.6667
Aldwell valley wall*Mills terrace
-9.125
Aldwell valley wall*Mills valley wall
-6.8333
Mills active channel*Mills terrace
0.5417
Mills active channel*Mills valley wall
2.8333
Mills terrace*Mills valley wall
2.2917

DF
1.1864
1.4947
1.6284
1.2036
2.2707
2.5459
2.6219
2.2707
2.3451
1.8407
1.9445
1.4361
1.5512
2.2598
1.8407
1.9318
1.9445
2.0309
1.5512

t ValuePr > |t| Adj P
55 -4.1 0.0002 0.0002
55 2.96 0.0045 0.0123
55 3.86 0.0003 0.0009
55 1.55 0.1271 0.2763
55 3.66 0.0006 0.0071
55 3.83 0.0003 0.0043
55 0.03 0.9748
1
55 0.28 0.7842 0.9998
55 1.24 0.2189 0.8134
55 0.78 0.4382 0.9696
55 -4.2 <0.0001 0.0012
55 -5.4 <0.0001 <0.0001
55 -3.5 0.001 0.0121
55 -4.3 <0.0001
0.001
55
-5 <0.0001 0.0001
55 -3.5 0.0008 0.0102
55 0.28 0.7816 0.9998
55 1.4 0.1686 0.7297
55 1.48 0.1453 0.6798

Table 1.8: Results of a PERMANOVA comparing community composition across the
three landforms and two reservoirs in 2016.
Source
df
Reservoir
Landform
Transect
ReservoirxLandform
ReservoirxTransect**
LandformxTransect**
ReservoirxLandformxTransect**
Res
Total

1
2
8
2
0
10
0
35
58

SS
14850
21578
30200
7088.9
0
26821
0
81450
1.82E+05

MS
Pseudo-F P(perm) unique perms P(MC)
14850
3.3431
0.001
998
0.002
10789
2.4273
0.001
999
0.001
3775
1.6221
0.001
997
0.001
3544.5
1.2298
0.147
999
0.185
No test
2682.1
1.1525
0.167
999
0.143
No test
2327.1

Table 1.9: PERMANOVA results comparing overall community composition in 2013
and 2016.
Source
Year
Residuals
Total

df
1
110
111

SS
18360
347610
365970

MS
Pseudo-F P(perm) unique perms
18360
5.8101
0.001
999
3160.1
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Top indicator species
Riparian
Deschamsia elongata
Agrostis exarata
Luzula sp.
Epilobium paniculatum
Poa sp.
Petacystis palustris
Trifolium repens
Cerastium arvense
Dominant species
Riparian
Salix sitchensis
Deschampsia elongata
Epilobium ciliatum

Top indicator species
Riparian
Lapsana commonis
Leucanthemum vulgare
Mimulus guttatus
Dactylis glomerata
Ranunculus repens
Lathyris latifolia
Rumex crispa
Stellaria crispa
Tolmeia menziesii
Symphoricarpos alba
Rosa nutkana
Festuca rubra
Dominant species
Riparian
Salix sitchensis
Populus balsamifera ssp. trichocarpa
Equisetum arvense

p

Aldwell
Top indicator species
Terrace
0.644 0.050 Agrostis stolonifera
0.586 0.020 Trifolium pratense
0.548 0.028
0.546 0.044
0.538 0.039
0.537 0.025
0.534 0.037
0.523 0.040
0.513 0.044
0.511 0.038
0.477 0.033
0.470 0.042
Average plot
Dominant species
cover
Terrace
2.8% of plot Populus balsamifera ssp. trichocarpa
0.72% of plot Salix sitchensis
0.51% of plot Equisetum arvense
Mills
index p
Top indicator species
Terrace
0.626 0.001 Aira caryophyllea
0.614 0.010 Polystichum munitum
0.609 0.008 Epilobium ciliatum
0.604 0.010 Senicio sylvatica
0.541 0.027
0.535 0.020
0.531 0.048
0.493 0.040
Dominant species
Average plot
cover
Terrace
2.02% of plot Deschampsia elongata
0.5% of plot Aira caryophyllea
0.5% of plot Epilobium ciliatum
index

p
0.001
0.001
0.005
0.008
0.024
0.015
0.018
0.041
0.026
0.026

index
0.753
0.688
0.608
0.580
0.563
0.557
0.554
0.544
0.531
0.500

Top indicator species
Valley Wall
0.002 Juncus balticus
0.027 Tsuga heterophylla
0.018 Holcus lanatus
0.039 Pseudotsuga menziesii
Holodiscus discolor

p

Dominant species
Average plot
cover
Valley Wall
1.01% of plot Alnus rubra
4.42% of plot Equisetum arvense
0.9% of plot Holcus lanatus

0.657
0.536
0.536
0.532

index

0.004
0.005
0.010
0.027
0.038

p

Average plot
cover
40.06% of plot
17.15% of plot
12.36% of plot

0.642
0.613
0.612
0.575
0.515

index

Average plot
Dominant species
Average plot
cover
Valley Wall
cover
18.67% of plot Alnus rubra
48.57% of plot
21.75% of plot Juncus effusus
40.06% of plot
17.92% of plot Populus balsamifera ssp. trichocarpa 15.69% of plot

p

Top indicator species
Valley Wall
0.596 0.023 Lotus corniculatus
0.535 0.028 Juncus effusus
Rubus parviflorus
Urtica dioica
Alnus rubra
Polystichum munitum
Rubus leucodermis
Phalaris arundinacea
Rubus psectabilis
Carex sp.

index

Table 1.10: Indicator species analysis results and dominant species for each landform in
Lake Mills and Lake Aldwell.
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Table 1.11: Environmental vectors with significant correlations to NMDS ordination of
community composition across two reservoirs and three landforms in 2016.
r²
clay (%)
silt (%)
sand (%)
soil depth
gravel (% of groundcover)
bare soil (% of groundcover)
aspect
Landform index
Cation exchange capacity
Organic matter (%)
Bray II Phosphorus
Calcium (%)
Magnesium (%)
Hydrogen
Iron
Copper
Zinc
Aluminum
Nitrate

p
0.1518
0.4212
0.3553
0.235
0.3702
0.2094
0.1399
0.1403
0.3084
0.392
0.1569
0.1992
0.1808
0.2311
0.2041
0.2132
0.1725
0.3613
0.1187

0.014
0.001
0.001
0.001
0.001
0.004
0.026
0.013
0.001
0.001
0.012
0.004
0.005
0.003
0.004
0.003
0.008
0.001
0.021
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Table 1.12: ANOVA results comparing soil texture and nutrients across landform and
reservoir.
% clay
Reservoir
Landform
Reservoir*Landform
Residuals
% silt
Reservoir
Landform
Reservoir*Landform
Residuals
% sand
Reservoir
Landform
Reservoir*Landform
Residuals
Organic matter
Reservoir
Landform
Reservoir*Landform
Residuals
Magnesium
Reservoir
Landform
Reservoir*Landform
Residuals
Potassium
Reservoir
Landform
Reservoir*Landform
Residuals
Nitrate
Reservoir
Landform
Reservoir*Landform
Residuals

Df
1
2
2
52

Sum Sq Mean Sq
79.3
79.3
1476.5
738.2
44.2
22.1
2451.3
47.1

F value
1.682
15.66
0.469

Pr(>F)
0.200
<.0001
0.628

Df
1
2
2
52

Sum Sq Mean Sq
1658
1658
19565
9783
1177
589
30097
579

F value
2.865
16.902
1.017

Pr(>F)
0.097
<.0001
0.369

Df
1
2
2
52

Sum Sq Mean Sq
2462
2462
31790
15895
1554
777
46189
888

F value
2.772
17.895
0.875

Pr(>F)
0.102
<.0001
0.423

Df
1
2
2
52

Sum Sq Mean Sq
10.32
10.324
60.26
30.129
7.35
3.673
130.08
2.501

F value
4.127
12.044
1.468

Pr(>F)
0.047
<.0001
0.240

Df
1
2
2
52

Sum Sq Mean Sq
0
0
19.87
9.936
0.15
0.073
172.49
3.317

F value
0
2.996
0.022

Pr(>F)
0.993
0.059
0.978

Df
1
2
2
52

Sum Sq Mean Sq
0.208
0.208
6.613
3.307
0.506
0.253
28.377
0.546

F value
0.38
6.059
0.464

Pr(>F)
0.540
0.004
0.631

Df
1
2
2
52

Sum Sq Mean Sq
35.9
35.85
23
11.51
23
11.51
326.6
6.28

F value
5.707
1.832
1.832

Pr(>F)
0.021
0.170
0.170
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Table 1.12, continued.
Bray II Phosphorus
Reservoir
Landform
Reservoir*Landform
Residuals
Calcium
Df Sum Sq Mean Sq
Reservoir
Landform
Reservoir*Landform
Residuals
Hydrogen
Reservoir
Landform
Reservoir*Landform
Residuals
Iron
Reservoir
Landform
Reservoir*Landform
Residuals
Copper
Reservoir
Landform
Reservoir*Landform
Residuals
Zinc
Reservoir
Landform
Reservoir*Landform
Residuals
Aluminum
Reservoir
Landform
Reservoir*Landform
Residuals

Df
1
2
2
52
F
1
2
2
52

Sum Sq Mean Sq
1500
1500
22995
11498
7031
3515
52336
1006
value
272
3887
41
7342

Pr(>F)
272.5
1943.5
20.7
141.2

F value
1.491
11.424
3.493

Pr(>F)
0.228
<.0001
0.038

1.93
13.765
0.146

0.171
<.0001
0.864

Df
1
2
2
52

Sum Sq Mean Sq
196
195.6
3715
1857.5
48
24.2
7118
136.9

F value
1.429
13.571
0.177

Pr(>F)
0.237
<.0001
0.838

Df
1
2
2
52

Sum Sq Mean Sq
23280
23280
501817 250909
22532
11266
696495
13394

F value
1.738
18.733
0.841

Pr(>F)
0.193
<.0001
0.437

Df
1
2
2
52

Sum Sq Mean Sq
29.64
29.637
50.75
25.376
8.25
4.124
183.69
3.532

F value
8.39
7.184
1.168

Pr(>F)
0.006
0.002
0.319

Df
1
2
2
52

Sum Sq Mean Sq
1.15
1.1452
3.93
1.9629
1.57
0.7831
56.73
1.091

F value
1.05
1.799
0.718

Pr(>F)
0.310
0.176
0.493

Df
1
2
2
52

Sum Sq Mean Sq
183234
598680 299340
39481
19741
735443
14143

F value
12.956
21.165
1.396

Pr(>F)
0.001
<.0001
0.257
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Chapter 2 : Active vs. passive vegetation community restoration in drained
reservoirs of the Elwha River, Washington
Introduction
The deliberate restoration of disturbed ecosystems is a relatively new science, but
one that has been readily embraced in the Pacific Northwest, where the degradation of
riparian areas has threatened culturally and economically significant anadromous fish
(Jones 2018, Bernhardt 2015, Lenhart 2013). Active ecological restoration, which
employs techniques such as planting, weed removal, herbivore exclusion, and river
channel engineering are a thriving, multibillion dollar industry (Bernhardt 2015). Such
interventions are intended to encourage a faster return to some desirable end state than
nature would accomplish on its own. Stated restoration goals differ but generally involve
improving wildlife habitat, often with a particular species as the target (Palmer 2005),
establishing native plant communities, and controlling nonnative species (Jones et al.
2018, Chenoweth et al. 2011, Hildebrand et al. 2005).
Despite growing enthusiasm for the field of ecological restoration, little is known
about the long-term success of active restoration projects; in particular, whether they are
more successful than passive ecological restoration, in which plant communities are left
to self-assemble without human intervention beyond the removal of anthropogenic
disturbance (Jones et al 2018). When post-restoration monitoring plans are in place, they
generally cover only the first three to five years after the end of a project (Bennett 2016,
Bernhardt et al. 2007, Guillozet 2014). Funding is rarely available for long-term followup, but declaring a restoration project successful only a few years into the two hundred
year-plus process of succession may be premature (Klein et al. 2007). However, it is
likely beneficial to prevent invasion of nonnative species in the first few years of a
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project while native species establish, because early invasion is known to have longreaching effects on future plant communities (Zedler 2000, Cole 1999). Active
restoration with the goal of encouraging the growth of native plant species and
suppressing nonnative species can be done by seeding or planting desired native species
to outcompete nonnative species. This is particularly important on U.S. National Park
Service land, where the mission includes the preservation of natural resources.
Dam removal is a relatively new form of river restoration. Many of the widereaching ecological effects of dams, which includes flow alteration, reduced downstream
plant diversity, and sediment starvation could be reversed by dam removal, but studies of
the ecological effects of dam removal are rare (Malmqvist and Rundle 2002). The
removal of two large dams on the Elwha River in Washington, which lies mostly within
Olympic National Park, created an ideal opportunity to test the effectiveness of multiple
restoration techniques in a variety of conditions. Dam removal was completed in 2014.
The majority of sediment that accumulated behind the dams remained in place, creating
new landforms. Sediment grain size composition varies across the reservoirs, with slopes
consisting of mostly fine clay and silt, and high concentrations of sand in the terraces
(Chenoweth et al. 2011, Schuster 2015). The upstream reservoir, Mills Lake, and the
watershed upstream of it are located entirely within Olympic National Park and are
relatively sheltered from anthropogenic disturbance.
Since dam deconstruction began, the National Park Service has taken several
approaches to facilitating the growth of native plants in the Elwha River reservoirs. These
include planting and seeding native plants and herbicide application to suppress invasive
species (Figure 2.1). Restoration efforts were focused on areas that were both likely to
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experience invasion and were relatively stable. Although proximity to the river means
that the riparian channel is susceptible to invasion, it was excluded from any active
planting because the landforms there were highly dynamic in the early years after dam
removal, and unlikely to retain any plantings (Chenoweth et al 2011). In Mills Reservoir,
survey crews sprayed all nonnative plants with glyphosate in 2013 and 2017, but planting
and seeding treatments were limited to selected areas. (J. Chenoweth, personal
communication). Propagules for restoration were primarily acquired from forests adjacent
to the Elwha River reservoirs (Chenoweth et al. 2011; Tables 2.1 and 2.2).
Between 2012 and 2017, the Eastern Washington University Plant Ecology Lab in
collaboration with USGS (EWU) and the National Park Service (NPS) conducted surveys
of reservoir vegetation concurrently (Figure 2.1). Survey methods and permanent plot
locations differed between the two studies. Actively restored surfaces were not included
in the EWU dataset, with the exception of herbicide treatments, which were applied
across all reservoir surfaces in 2013 and 2017 (personal communication, Washington
Conservation Corps management). The permanent plots in the EWU dataset were also
twice the area of NPS permanent plots (100 m2 vs. 50 m2). While plots in the EWU
dataset were distributed on transects spaced across the length of the reservoir, NPS plots
and especially control plots, were clustered according to treatment (Figure 2.2). Plots
were also stratified differently: according to geomorphic landform in the EWU study and
according to general sediment texture (coarse or fine) in the NPS study. No previous
attempts have been made to combine or compare data from these studies, but together the
two datasets would make a powerful tool for long term monitoring.
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The aim of my research was twofold. My first goal was to integrate data from
NPS and EWU into a single, cohesive baseline dataset that will be used over the longterm to compare the effects of active vs. passive restoration approaches. To do this, I
compared the outcomes of the different monitoring techniques employed by the NPS and
EWU, which involved different plot sizes. I hypothesized that the monitoring techniques
used by EWU would capture higher levels of diversity because of these larger plots. My
second goal was to use this combined dataset to compare the outcomes of active vs.
passive restoration five years after dam removal on the Elwha River. I hypothesized that
active restoration treatments would positively affect native species diversity and
negatively influence nonnative species compared to passive restoration.
Methods
Study Area
The former Lake Mills Reservoir on the Elwha River, along with 83% of the
Elwha’s 699 km2 drainage area, is located within Olympic National Park, so it is
relatively isolated from anthropogenic disturbance (Munn et al 1999). The lower reaches
of the watershed where the dams were located receives an average of 142 cm of
precipitation each year, mostly in the winter months. Glines Canyon Dam, the
impoundment that created Lake Mills, was located at river km 21.6, with a height of 64 m
and a reservoir length of 4 km (Duda et al 2008). The dam was not fully removed until
2014, but the reservoir was completely drained by October 2012 (East et al. 2015). Only
37% of the ~16.1 million m3 of sediment that accumulated in Lake Mills eroded
downstream during dam removal (Randle et al 2015).
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Study Design
A subset of extant plots from each study were surveyed, and twelve new plots
were created to balance the study design with respect to landform. 19 control plots were
selected from those established by EWU. These represented 10 valley wall plots, all of
which had been surveyed in 2016, and 9 of the 15 previously surveyed terrace plots,
selected to maximize distance between plots. After surveying, one control plot was found
to have been seeded and was reclassified as part of that treatment. Two of the three active
restoration treatments were surveyed: plots that were seeded only or both planted and
seeded (combined treatment), for a total of 40 plots. 28 of the treated plots were selected
from plots established by the NPS for monitoring actively restored areas, and represented
all seeded-only plots as well as all combined treatment valley wall plots. 12 treatment
plots (9 seeded and 3 combined treatment) were generated randomly, since there were
insufficient seeded plots and combined treatment plots on valley walls to achieve a
balanced study design. In all a total of 60 plots were surveyed (Table 2.3).
NPS sampling took place in a 50 m2 (5 m x 10 m) plot. At each plot, a full stem
count and species inventory were conducted. One 5 m end of the plot was also the
beginning of a 30 m transect, used to perform a point-intercept survey for assessing the
proportion of bare ground (Figure 2.4). Plots were permanently marked with rebar and
wooden stakes (Chenoweth et al 2011, J. Chenoweth, personal communication). To
resample these plots, a 10 m x 10 m plot was overlaid on the 5 m x 10 m plot, with the
additional 5 m of plot width oriented in the direction of the groundcover transect (Figure
2.6).
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Data Analyses
To determine the effect of survey method (100 m2 plot vs 50 m2 plot) on species
richness, we performed a paired t-test on the 26 dual-sampled plots (R v3.2.3). To
compare community composition across the two survey methods, we used a
PERMANOVA with type III sum of squares, with survey as the only factor.
I used a nonmetric multidimensional scaling (NMDS) ordination to examine
patterns in community composition across restoration treatments and landforms. Data
was normalized using a Wisconsin double standardization and species appearing in less
than 5% of plots were removed from the analysis. To determine the effects of restoration
treatment and landform on community composition, I used a PERMANOVA with type
III sum of squares, with landform and reservoir as fixed effects and transect nested within
reservoir as a random effect (PRIMER v7). I conducted a randomized indicator species
analysis with reservoir and landform combinations as grouping variables and 1000 runs,
using the indicspecies package for R (De Caceres and Legendre 2009). Dominant species
were classified as the plants with the highest cover for each treatment on valley walls and
landforms.
To examine how environmental gradients relate to community composition, I
used the Vegan package for R (version 3.2.3), which compares a linear regression of
environmental data to ordinations of species composition.
To investigate the effect of restoration treatments on native and nonnative species
richness and cover, I performed two-way multifactorial ANOVAs with landform and
treatment as fixed effects (R v3.2.3). To investigate the interaction of restoration
treatments and environmental variables, we constructed generalized linear models using a
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restricted maximum likelihood (REML) method, and compared the AICc scores of the
models to determine the best fit. To construct the models, we tested combinations of
landform, treatment, and environmental variables that were significantly correlated with
the community composition according to the regressions described above.
Results
Using 100 m2 plots vs. 50 m2 plots to sample Elwha Reservoir vegetation had no
effect on species richness (df=25, t=-0.228, p=0.82; Figure 2.5), but there was a
significant effect on community composition (Figure 2.7; Table 2.8). On dual sampled
plots, the most abundant species found by NPS surveyors but not EWU surveyors were
Senecio sylvatica (8 plots) and Carex stipata (5 plots). The most abundant species found
in the 100 m2 method used by EWU but not by NPS surveyors were Bromus vulgaris (6
plots) and Carex microptera (5 plots). Overall, the 100 m2 plots captured 45% more
species, mostly forbs, than the 50 m2 plots at the same location (Table 2.4).
Restoration treatment did not affect native species richness and cover, but
richness and cover differed among landforms, with higher species richness and cover on
valley walls compared to terrace plots (Table 2.5). Control plots on valley walls had the
highest species richness (Figure 2.5).
On terraces, untreated control plots had higher nonnative species richness than
combined treatment plots (p=0.018) and seeded only plots (p=0.019; Figure 2.6). On
valley walls there was no significant differences in nonnative species richness. Nonnative
species cover was the same on all surfaces (Table 2.5).
There were significant differences in species composition between landforms and
between passively and actively restored plots, but not between restoration treatments
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(Figure 2.7). On all treated plots regardless of landform, the top indicator species was one
that had been used in the restoration (Table 2.7). Alnus rubra is the dominant species on
valley walls regardless of restoration type. On actively restored terrace surfaces, Lupinus
rivularis is the dominant species (average 49.38% cover on planted, seeded plots and
38.63% cover on seeded plots). Equisetum arvense is the dominant species on
Variations in species richness in Mills Reservoir are best explained by a
generalized linear model including the interaction of landform, restoration treatment, and
the proportion of silt and clay in fine sediments. In this model, high proportions of silt
and clay together positively influenced native species richness in control plots and in
treated wall plots (Figure 2.7, Table 2.10).
Discussion
While restoration treatments have not yet caused significant increases in native
plant diversity or cover in Mills Reservoir, the decrease in nonnative species cover on
terraces has the potential to have long-lasting effects. Degraded ecosystems which
resemble the Mills Reservoir terraces, with low native species cover and conditions
conducive to ruderal plants, are susceptible to invasion, potentially leading to an
alternative stable state. In an alternative stable state, nonnative species dominate the
system and prevent the normal interaction of riparian vegetation and the river channel
indefinitely (Kulmatiski 2006, Suding 2004). It is not clear whether this would be the
case on the Elwha, given the successional trajectories of passively restored plots
described in Chapter 1. However, the National Park Service has undertaken control of
aggressive invasive species, such as Phalaris arundinacea, throughout the reservoirs, not
just in seeded/planted areas, which may explain low levels of invasion. Considering the
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importance of early colonizers to long-term community structure, small gains now may
result in larger differences in the future. Woody plantings that were still too small to
influence the community structure in 2016 could easily have substantial impacts on both
terraces and valley walls when they grow larger.
The positive influence of high proportions of clay and silt in sediments on native
species richness, particularly on control plots, is notable because it aligns with predictions
made during restoration planning (Chenoweth et al. 2011). Very fine sediments drain
water more slowly (Bruand and Zimmer 1992), which is crucial on the exposed, windy
surfaces in Mills Reservoir. In the Elwha restoration, planting and seeding efforts were
generally focused on areas with fine sediments (Chenoweth et al. 2011) where they were
hypothesized to have greater chances of success, which has been borne out. An
alternative strategy would be to focus efforts on coarser sediment, where native plants
may have more trouble germinating, since untreated plots with fine sediment are more
successful at recruiting native species so far. The trends that are emerging in Mills
Reservoir indicate that in areas with high proportions of fine sediment such as the valley
walls, active restoration efforts contribute little to the native plant community in the time
frame of this study. However, active restoration did reduce nonnative species cover on
terraces, which typically had coarser sediment. This is likely the result of competitive,
aggressive, native forbs in the seeding treatment. The lack of difference in species
composition between the seeded only and planted-seeded plots was probably due to low
survival rates among planted shrubs and trees (J. Chenoweth, personal communication).
Many studies use 100 m2 plots including the National Vegetation Classification
System and North Carolina Vegetation Survey, which makes them comparable across a
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range of systems (Peet et al. 1998, Rodwell 2006). Plot size should also vary with the size
of the vegetation. In forested systems, where the canopy of a single tree can exceed 100
m2, an adequate survey of vegetation communities that encompass more than one tree
will necessitate a larger plot (Kent and Coker 1992, Rodwell 2006). The Elwha
ecosystem is forested and vegetation succession will most likely result in forest
communities developing on the valley walls (see Chapter 1), so the larger, 100 m2 plot
size will be needed to assess vegetation communities in future long-term surveys of
Elwha revegetation (indeed, larger plots may be needed, and were used by Shafroth et al.
2016 in this system). The 100 m2 plot size also allows for comparisons with long-term
data surveys that have taken place along the Elwha River below and between the dams, as
well as on the upstream reference reach (Clausen 2012, Cubley 2015, Thomas 2018),
which serves as a long-term restoration target for the drained reservoir plant
communities.
Studies that examine the effectiveness of active versus passive restoration are still
rare (Jones 2018). Restoration practitioners often rely on informed guesswork, since
reporting on the methods and results of restoration projects occurs in only a small
minority of cases and the site specificity of many restoration projects further reduces
available references (Bernhardt 2015). On the Elwha reservoirs, environmental factors
such as sediment size and nutrient availability strongly influence the plant community
(see chapter 1), and the interaction of these factors with active restoration in Mills
Reservoir points to the site-specificity of effective restoration. In the long term, I predict
that seeded species, particularly nitrogen-fixing Lupinus rivularis, which previously was
not found in the Elwha watershed, will be persistent on terraces, which have remained
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sparsely vegetated without active restoration. Studies of primary succession in
environments like Mount Saint Helens, which can serve as an analog for restoration of
highly disturbed or degraded ecosystems, have shown that early colonizers and
particularly nitrogen-fixing species can affect a plant community for decades (del Moral
and Chang 2014, Zedler 2000). In the harsh conditions of the Elwha reservoirs, this effect
may be desirable, but at this early stage it is difficult to say if differences in community
composition based on the successful introduction of mostly short-lived species, and a
slight decrease in nonnative species presence, will have lasting effects.
The results of this study do not show any strong effect of active restoration in
Mills Reservoir. So far, dam removal has been sufficient for native species to colonize
reservoir surfaces, which contrasts with many other studies of drained reservoirs after
dam removal. This is likely the result of Mills Reservoir’s location in a low-disturbance
area with an abundance of potential native propagules, and indicates that in relatively
undisturbed watersheds, drained reservoirs may not require immediate active
intervention. Where possible, reservoirs situated within intact native plant communities
should be allowed to revegetate naturally and active management should be employed
only where necessary due to the presence of invasive species or where ecosystem
function is persistently low.
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Figure 2.1: A map of seeding locations (blue) in Lake Mills.
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NPS plots
EWU plots
NPS plots
EWU plots

Figure 2.2: Lake Mills permanent plots. Plots surveyed in 2017 are highlighted in blue.
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Figure 2.3: Seeded (top) and passively restored (bottom) locations on terrace surfaces
west of the Elwha.
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Native species richness per 100m2 plot

Figure 2.4 USGS 10 m x 10 m survey plot (black) overlaid on a NPS 10 m x 5 m survey
plot and 30 m point-intercept transect (red).

Figure 2.5: Differences in native species richness per 100 m2 across landform and
restoration treatment type.
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Nonnative species richness per 100m2 plot

Figure 2.6: Differences in nonnative species richness per 100 m2 across landform and
restoration treatment type.
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Figure 2.7: Axes one and two (A) and two and three (B) of a three dimensional NMDS
ordination of species composition at all plots in the EWU survey.
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Figure 2.8: NMDS ordination of species composition according to both USGS and NPS
surveys. Lines connect the two points that represent each plot.
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Table 2.1: Species planted in the Elwha River reservoir beds as containerized plants, from
Chenoweth et al. (2011).

Abies grandis
Acer circinatum
Acer glabrum
Acer macrophyllum
Achillea millefolium
Agrostis exarata
Alnus rubra
Alnus viridis ssp. sinuata
Amelanchier alnifolia
Anaphalis margaritacea
Aquilegia formosa
Artemisia suksdorfii
Aruncus dioicus
Bromus sp.
Carex deweyana var. deweyana
Carex mertensii
Carex obnupta
Carex pachystachya
Ceanothus sanguinus
Chamerion angustifolium
Cornus sericea
Deschampsia elongata
Elymus glaucus ssp. glaucus
Erigeron philadelphicus
Eriophyllum lanatum
Fragaria vesca ssp. bracteata
Fragaria virginiana
Gaultheria shallon
Geum macrophyllum
Heracleum lanatum
Holodiscus discolor
Lonicera involucrata

Lupinus polyphyllus var. polyphyllus
Luzula comosa
Mahonia aquifolium
Mahonia nervosa
Malus fusca
Oemleria cerasiformis
Petasites frigidus
Philadelphus lewisii
Physocarpus capitatus
Polystichum munitum
Populus balsamifera ssp. trichocarpa
Prunus emarginata var. mollis
Pseudotsuga menziesii
Ribes divaricatum
Ribes lacustre
Ribes lobbii
Ribes sanguineum
Rosa nutkana
Rubus parviflorus
Salix lucida var. lasiandra
Salix scouleriana
Salix sitchensis
Sambucus cerulea
Sambucus racemosa
Scripus microcarpus
Solidago canadensis
Spiraea douglasii
Stachys chamissonis var. cooleyae
Symphoricarpos albus
Thuja plicata
Vaccinium parvifolium
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Table 2.2: Species seeded in the reservoir beds, from Chenoweth et al. (2011).
Achillea millefolium*
Clinopodium douglasii
Agrostis exarata*
Deschampsia elongata*
Agrostis humilis (thurberiana)
Elymus glaucus ssp. glaucus*
Anaphalis margaritacea
Eriophyllum lanatum*
Aquilegia formosa
Fragara virginiana
Artemisia suksdorfii*
Fragaria vesca ssp. bracteata
Aruncus dioicus
Galium aparine
Bromus carinatus*
Geum macrophyllum
Bromus sitchensis
Heracleum lanatum
Bromus vulgaris
Lathyrus polyphyllus
Carex deweyana var. deweyana**
Lupinus polyphyllus var. polyphyllus
Carex pachystachya**
Lupinus rivularis
Chamerion angustifolium ssp. angustifolium
Petasites frigidus
Circaea alpina
Rubus ursinus ssp. macropetalus
Claytonia sibirica
Stachys chamissonis var. cooleyae
*indicates a species where wild-collected seed was amplified by growers
**indicates a species that was both amplified for seed and seeded directly from wild collection

Table 2.3: Number of plots sampled at each combination of landform and treatment, and
the original study plots were established in.
EWU plots NPS plots New plots
Terrace-control
9
0
Terrace-seeded
1
5
Terrace-combined treatment
0
10
Valley wall-control
10
0
Valley wall-seeded
0
6
Valley wall-combined treatment
0
7

0
5
0
0
4
3
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Table 2.4: Species located by only one survey method on plots surveyed by both NPS and
EWU in 2017.
found NPS but not EWU frequency found EWU but not NPS frequency
Equisteum telmatiea
8 Equisetum sylvatica
7
Senecio sylvatica
8 Bromus vulgaris
6
Carex stipata
5 Carex microptera
5
Alnus viridus
3 Gnapthalium uliginosum
5
Aruncus dioicus
3 Juncus balticus
5
Logfia minima
3 Agrostis capillaris
3
Rumex occidentale
3 Prunus emarginata
3
Lonicera involucrata
2 Rumex crispus
3
Salix lasiandra
2 Artemisia suksdorfii
2
Stellaria calycantha
2 Carex sp.
2
Acer glabrum
1 Festuca myurose
2
Pteridium aquilinum
1 Geranium robertianum
2
Cerastium fontanum
1 Poa compressa
2
Crataegus douglasii
1 Senecio vulgare
2
Cytisus scoparius
1 Trifolium repens
2
Gaultheria shallon
1 Agrostis sp.
1
Hieracum albiflorum
1 Bromus communis
1
Micrantus douglasii
1 Bromus inermis
1
Rhamnus purshiana
1 Cardamine oligosperma
1
Ribes lacustris
1 Cirsium sp.
1
Sagina procumbens
1 Deschampsia caespitosa
1
Cytisus scoparius
1 Epilobium brachycarpum
1
Scirpus microcarpus
1 Glyceria sp.
1
Trientalis latifolium
1 Juncus ensifolius
1
Leucanthemum vulgare
1
Mahonia nervosa
1
Oenanthe sarmentosa
1
Oemleria cerasiformis
1
Poa sp.
1
Prunella vulgare
1
Salix nigra
1
Sambucus racemosa
1
Senecio sp
1
Solidago canadensis
1
Taraxacum officinale
1
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Table 2.5: ANOVA results for variations in species richness and cover across restoration
treatment and landform.
Native species richness
DF
Treatment
Landform
Treatment:Landform
Residuals
Nonnative species richness
DF
Treatment
Landform
Treatment:Landform
Residuals
Native species cover
DF
Treatment
Landform
Treatment:Landform
Residuals
Nonnative species cover
DF
Treatment
Landform
Treatment:Landform
Residuals

sum squares
Mean sq F
P (>F)
2
338.9
169.46
6.903 0.00217
1
293.4
293.4
11.952 0.00108
2
11.4
5.7
0.232 0.79343
53
1301
24.55

2
1
2
53

sum squares
Mean sq F
P (>F)
338.9
169.46
6.903 0.00217
293.4
293.4
11.952 0.00108
11.4
5.7
0.232 0.79343
1301
24.55

2
1
2
53

sum squares
Mean sq F
P (>F)
8844
4422
2.437
0.0972
104557 104557
57.612 <0.0001
5708
2854
1.573
0.217
96186
1815

sum squares
Mean sq F
2
239
119.74
1
267
267.16
2
96
47.98
53
5117
96.54

P (>F)
1.24
0.298
2.767
0.102
0.497
0.611

Table 2.6: 2017 PERMANOVA analysis comparing species composition across
restoration treatments on valley walls and terraces.
Source
treatment
landform
treatment x landform
Residuals
Total

df
2
1
2
54
59

SS
MS
Pseudo-F P(perm) perms
18063
9031.5
4.6586
0.001
998
41706
41706
21.513
0.001
1000
5518.8
2759.4
1.4233
0.045
1000
104690
1938.7
169980
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index

p

Terrace
Top indicator species
Seeded
0.727 0.001 Lupinus rivularis
0.656 0.001 Achillea millefolium
0.632 0.002 Aira caryophylla
0.574 0.006 Vulpia myurosa
0.325 0.043 Aira praecox
Epilobium paniculatum
Dominant species
Average plot
Dominant species
Planted, seeded
Seeded
cover
Lupinus rivularis
49.38% of plot Lupinus rivularis
Populus balsamifera ssp. trichocarpa 11.94% of plot Populus balsamifera ssp. trichocarpa
Eriophyllum lanatum
3.8% of plot
Equisetum arvense
Valley wall
Top indicator species
index
p
Top indicator species
Planted, seeded
Seeded
Thuja plicata
0.663 0.001 Juncus effusus
Bromis inermis
0.548 0.022 Alnus rubra
Prunus emarginata
0.548 0.012 Elymus glaucus
Athyrium felix-femina
0.483 0.043 Carex micrantha
Agrostis capillaris
Dominant species
Average plot
Dominant species
Planted, seeded
Seeded
cover
Alnus rubra
64.4% of plot Alnus rubra
Equisetum arvense
27.05% of plot Elymus glaucus
Juncus effusus
9.1% of plot
Equisetum arvense

Top indicator species
Planted, seeded
Pinus monticola
Eriophyllum lanatum
Philadelphus lewisii
Symphoricarpos alba
Populus balsamifera

0.003
0.005
0.046

0.598
0.561
0.506

Average plot
cover
45.65% of plot
2% of plot
38.67% of plot

p

index

p

index

Top indicator species
Control
0.653 0.001 Juncus balticus
0.630 0.001 Cirsium vulgare
0.594 0.007 Holcus lanatus
0.535 0.014
0.478 0.025
Average plot
Dominant species
Control
cover
70.25% of plot Alnus rubra
28.38% of plot Elymus glaucus
24.38% of plot Equisetum arvense

0.771 0.001
0.622 0.003
0.596 0.002
0.540 0.004
0.508 0.027
0.491 0.027
Average plot
cover
21.16% of plot
10.4% of plot
6.3% of plot

p

Top indicator species
Control
0.689 0.001 Epilobium brachycarpum
0.618 0.010 Hypocharis radicans
0.554 0.015 Agrostis exarata
0.527 0.023 Montia parviflora
0.500 0.040 Gnapthalium uliginosa
0.486 0.032 Rumex acetosella
Average plot
Dominant species
Control
cover
38.63% of plot Equisetum arvense
15.93% of plot Alnus rubra
35% of plot Salix sitchensis

index

p

index

Table 2.7: Indicator and dominant species in 2017 for each restoration treatment on
valley walls and terraces.
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Table 2.8: Indicator species analysis comparing vegetation communities on plots sampled
by both EWU and NPS surveys.
NPS survey
index p EWU survey
Agrostis exarata
0.726 0.001 Equisetum arvense
Deschampsia elongata 0.718 0.030 Bromus vulgaris
Epilobium ciliatum
0.696 0.001
Bromis pacificus
0.654 0.030

index p
0.738 0.006
0.471 0.019
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Table 2.9: Tukey's test of ANOVA results comparing native and nonnative species
richness across restoration treatments and landforms.
Native species richness
PlantSeed:terrace-Control:terrace
Seed:terrace-Control:terrace
Control:wall-Control:terrace
PlantSeed:wall-Control:terrace
Seed:wall-Control:terrace
Seed:terrace-PlantSeed:terrace
Control:wall-PlantSeed:terrace
PlantSeed:wall-PlantSeed:terrace
Seed:wall-PlantSeed:terrace
Control:wall-Seed:terrace
PlantSeed:wall-Seed:terrace
Seed:wall-Seed:terrace
PlantSeed:wall-Control:wall
Seed:wall-Control:wall
Seed:wall-PlantSeed:wall
Nonnative species richness
PlantSeed:terrace-Control:terrace
Seed:terrace-Control:terrace
Control:wall-Control:terrace
PlantSeed:wall-Control:terrace
Seed:wall-Control:terrace
Seed:terrace-PlantSeed:terrace
Control:wall-PlantSeed:terrace
PlantSeed:wall-PlantSeed:terrace
Seed:wall-PlantSeed:terrace
Control:wall-Seed:terrace
PlantSeed:wall-Seed:terrace
Seed:wall-Seed:terrace
PlantSeed:wall-Control:wall
Seed:wall-Control:wall
Seed:wall-PlantSeed:wall

difference lower
upper
adj p
-1.425 -8.3732 5.523198 0.990127
-5.041667 -11.7276 1.64424 0.241909
5.375 -1.5732 12.3232 0.217514
1.819444 -5.29825 8.937135 0.973609
-0.225 -7.1732 6.723198 0.999999
-3.616667 -9.8886 2.65527 0.534798
6.8 0.249176 13.35082 0.037609
3.244444 -3.48589 9.974776 0.711746
1.2 -5.35082 7.750824 0.994136
10.416667 4.144731 16.6886 0.000128
6.861111 0.401912 13.32031 0.031225
4.816667 -1.45527 11.0886 0.224348
-3.555556 -10.2859 3.174776 0.626596
-5.6 -12.1508 0.950824 0.134631
-2.044444 -8.77478 4.685887 0.945284
difference lower
upper
adj p
-3.4 -6.40701 -0.39299 0.018085
-3.25 -6.14349 -0.35651 0.019223
-1.4 -4.40701 1.607006 0.740632
-3.4444444 -6.5248 -0.36409 0.020022
-3.6 -6.60701 -0.59299 0.010371
0.15 -2.56434 2.864336 0.999983
2 -0.83503 4.835032 0.310347
-0.0444444 -2.95716 2.868274
1
-0.2 -3.03503 2.635032 0.999942
1.85 -0.86434 4.564336 0.347796
-0.1944444 -2.98982 2.600935 0.999946
-0.35 -3.06434 2.364336 0.998893
-2.0444444 -4.95716 0.868274 0.315769
-2.2 -5.03503 0.635032 0.214608
-0.1555556 -3.06827 2.757163 0.999986
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Table 2.10: Comparison of GLM model results for predicting native species richness
based on landform, treatment type, and environmental vectors.
landform:treatment
(Intercept)
landformterrace:treatmentcontrol
landformwall:treatmentcontrol
landformterrace:treatmentplantseed
landformwall:treatmentplantseed
landformterrace:treatmentseed
landformwall:treatmentseed
AIC
Landform:treatment:sand
(Intercept)
landformterrace:treatmentcontrol:Sand
landformwall:treatmentcontrol:Sand
landformterrace:treatmentplantseed:Sand
landformwall:treatmentplantseed:Sand
landformterrace:treatmentseed:Sand
landformwall:treatmentseed:Sand
AIC:
landform:treatment:silt
(Intercept)
landformterrace:treatmentcontrol:Silt
landformwall:treatmentcontrol:Silt
landformterrace:treatmentplantseed:Silt
landformwall:treatmentplantseed:Silt
landformterrace:treatmentseed:Silt
landformwall:treatmentseed:Silt
AIC:
landform:treatment:silt:OM
(Intercept)
landformterrace:treatmentcontrol:Silt:Organic.Matter
landformwall:treatmentcontrol:Silt:Organic.Matter
landformterrace:treatmentplantseed:Silt:Organic.Matter
landformwall:treatmentplantseed:Silt:Organic.Matter
landformterrace:treatmentseed:Silt:Organic.Matter
landformwall:treatmentseed:Silt:Organic.Matter
AIC:

Estimate Std. error t
Pr(>|t|)
14.8889
1.7726
8.399 <0.0001
-0.6667
2.5068
-0.266
0.791
2.8889
2.5068
1.152
0.255
-1.8889
2.4434
-0.773
0.443
3.5556
2.5068
1.418
0.162
-4.8889
2.3902
-2.045
0.046
NA
NA
NA
NA
359.92
Estimate Std. error t
18.27478 1.27969
-0.04315 0.02268
-0.06866
0.047
-0.05475 0.02193
-0.03187 0.15832
-0.08676 0.02141
-0.10759 0.06282
359.55

Pr(>|t|)
14.281 <0.0001
-1.903 0.062872
-1.461 0.150334
-2.497 0.015858
-0.201 0.841301
-4.052 0.000177
-1.713 0.092988

Estimate Std. error t
11.05227 1.43397
1.39481 0.59352
0.11689 0.03432
0.21049 0.52428
0.10483 0.03072
-0.20857 0.36534
0.05814 0.03075
353.96

Pr(>|t|)
7.707 <0.0001
2.35 0.02276
3.406 0.00131
0.401 0.68977
3.412 0.00129
-0.571 0.57063
1.891 0.06446

Estimate Std. error t
Pr(>|t|)
12.4407 0.994875
12.505 <
2.233947 0.980598
2.278 0.027026
0.02107 0.008815
2.39 0.020653
-0.23629 0.926503
-0.255 0.799742
0.019559 0.005255
3.722 0.000502
-0.64917 0.602231
-1.078 0.286234
0.014668 0.005768
2.543 0.014136
352.08

55

Table 2.10 continued
landform:treatment:OM
(Intercept)
landformterrace:treatmentcontrol:Organic.Matter
landformwall:treatmentcontrol:Organic.Matter
landformterrace:treatmentplantseed:Organic.Matter
landformwall:treatmentplantseed:Organic.Matter
landformterrace:treatmentseed:Organic.Matter
landformwall:treatmentseed:Organic.Matter
AIC:
landform:treatment:NO3
(Intercept)
landformterrace:treatmentcontrol:NO3
landformwall:treatmentcontrol:NO3
landformterrace:treatmentplantseed:NO3
landformwall:treatmentplantseed:NO3
landformterrace:treatmentseed:NO3
landformwall:treatmentseed:NO3
AIC:
landform:treatment:NO3:OM
(Intercept)
landformterrace:treatmentcontrol:Organic.Matter:NO3
landformwall:treatmentcontrol:Organic.Matter:NO3
landformterrace:treatmentplantseed:Organic.Matter:NO3
landformwall:treatmentplantseed:Organic.Matter:NO3
landformterrace:treatmentseed:Organic.Matter:NO3
landformwall:treatmentseed:Organic.Matter:NO3
AIC:

Estimate Std.
Error
Pr(>|t|)
12.9481
1.4166
9.14 <0.0001
4.3121
4.7788
0.902
0.3712
1.2744
0.6956
1.832
0.0729
-0.2743
4.6671
-0.059 0.95336
1.2837
0.425
3.02 0.00397
-4.4052
4.1407
-1.064
0.2925
0.9355
0.452
2.069 0.04369
357.94
Estimate Std. error t
19.3869
1.3624
-8.3831
3.015
-0.948
1.4141
-10.9625
3.6246
-0.5269
0.3384
-18.7739
4.0827
-1.3739
0.5305
354.72

Pr(>|t|)
14.23 <0.0001
-2.78 0.00763
-0.67 0.50571
-3.024 0.00393
-1.557 0.12579
-4.598 <0.0001
-2.59 0.01255

Estimate Std. error t
17.1782 1.29487
-11.021 7.84502
0.00757 0.22926
-11.9693
6.6899
-0.05044 0.12025
-25.1279 8.40027
-0.33884 0.26274
367.28

Pr(>|t|)
13.266 <0.0001
-1.405
0.1663
0.033
0.9738
-1.789
0.0796
-0.419
0.6767
-2.991
0.0043
-1.29
0.2031
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Table 2.10 continued
Landform:treatment:clay:silt:OM
Estimate Std. error t
Pr(>|t|)
(Intercept)
12.92376 0.921091
14.031 2.00E-16
landformterrace:treatmentcontrol:Clay:Silt:Organic.Matter
1.15631 0.543864
2.126 0.03846
landformwall:treatmentcontrol:Clay:Silt:Organic.Matter
0.000843 0.000364
2.32 0.02446
landformterrace:treatmentplantseed:Clay:Silt:Organic.Matter-0.26338 0.674013
-0.391 0.69764
landformwall:treatmentplantseed:Clay:Silt:Organic.Matter 0.000809 0.000248
3.266 0.00197
landformterrace:treatmentseed:Clay:Silt:Organic.Matter
-0.74159 0.578149
-1.283 0.20551
landformwall:treatmentseed:Clay:Silt:Organic.Matter
0.000631 0.000257
2.45 0.01782
AIC:
353.82
landform:treatment:clay
Estimate Std. error t
Pr(>|t|)
(Intercept)
12.5268
1.8424
6.799 1.24E-08
landformterrace:treatmentcontrol:Clay
0.8629
1.4742
0.585 0.56096
landformwall:treatmentcontrol:Clay
0.376
0.1315
2.859 0.00618
landformterrace:treatmentplantseed:Clay
0.3673
2.0121
0.183 0.85589
landformwall:treatmentplantseed:Clay
0.2633
0.1163
2.264 0.02797
landformterrace:treatmentseed:Clay
-2.3731
2.2533
-1.053 0.29733
landformwall:treatmentseed:Clay
0.1556
0.1216
1.28 0.20651
AIC:
355.78
landform:treatment:silt:clay
Estimate Std. error t
Pr(>|t|)
(Intercept)
11.83042 1.142084
10.359 4.85E-14
landformterrace:treatmentcontrol:Clay:Silt
0.79521 0.326431
2.436 0.018453
landformwall:treatmentcontrol:Clay:Silt
0.00603 0.001516
3.978 0.000225
landformterrace:treatmentplantseed:Clay:Silt
0.051774 0.402797
0.129 0.898241
landformwall:treatmentplantseed:Clay:Silt
0.004236 0.001291
3.281 0.001891
landformterrace:treatmentseed:Clay:Silt
-0.31031 0.319755
-0.97 0.336491
landformwall:treatmentseed:Clay:Silt
0.002473 0.001299
1.904 0.062698
AIC:
349.65

Table 2.11: PERMANOVA table for comparison of species composition as described by
EWU and NPS surveys of the same plot locations.
Source
df
survey
Residuals
Total

SS
MS
Pseudo-F P(perm) perms
1
5716
5716
3.0964
0.017
998
52
95994
1846
53 1.02E+05
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